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ABSTRACT  16 
Antarctic subglacial highlands are where the Antarctic ice sheets first developed 17 
and the ‘pinning points’ where retreat phases of the marine-based sectors of the 18 
ice sheet are impeded. Due to low ice velocities and limited present-day change in 19 
the ice sheet interior, West Antarctic subglacial highlands have been overlooked 20 
for detailed study. These regions have considerable potential, however, for 21 
establishing from where the West Antarctic Ice Sheet (WAIS) originated and grew, 22 
and its likely response to warming climates. Here, we characterize the subglacial 23 
morphology of the Ellsworth Subglacial Highlands (ESH), West Antarctica, from 24 
ground-based and aerogeophysical radio-echo sounding (RES) surveys and the 25 
MODIS Mosaic of Antarctica. We document well-preserved classic landforms 26 
associated with restricted, dynamic, marine-proximal alpine glaciation, with 27 
hanging tributary valleys feeding a significant overdeepened trough (the Ellsworth 28 
Trough) cut by valley (tidewater) glaciers. Fjord-mouth threshold bars down-ice of 29 
two overdeepenings define both the northwest and southeast termini of paleo 30 
outlet-glaciers which cut and occupied the Ellsworth Trough. Satellite imagery 31 
reveals numerous other glaciated valleys, terminating at the edge of deep former 32 
marine basins (e.g. Bentley Subglacial Trench), throughout ESH. These geomorphic 33 
data can be used to reconstruct the glaciology of the ice masses that formed the 34 
proto-WAIS. The landscape predates the present ice sheet, and was formed by a 35 
small dynamic ice-field(s), similar to those of the present-day Antarctic Peninsula, 36 
at times when the marine sections of the WAIS were absent.  ESH represents a 37 
major seeding centre of the paleo-WAIS, and its margins represent the pinning 38 
point at which future retreat of the marine-based WAIS would be arrested. 39 
 40 
1 INTRODUCTION 41 
The West Antarctic Ice Sheet (WAIS) rests largely on a bed several hundred meters 42 
below sea level. As a marine-based ice sheet, it may be inherently unstable due to its 43 
sensitivity to ocean temperatures and upstream deepening of its bed in a number of 44 
key areas [Weertman, 1974; Bamber et al., 2009; Joughin and Alley, 2011]. However, 45 
despite it being critical to our evaluation of WAIS inception, stability, and the 46 
likelihood of future sea-level change from ice-sheet loss [Bentley, 2010], the glacial 47 
history of West Antarctica is not well constrained. 48 
 49 
The recognition that the subglacial highlands of East Antarctica acted as critical 50 
nucleation sites for the East Antarctic Ice Sheet has driven much recent research 51 
[e.g. Bo et al., 2009; Bell et al., 2011; Ferraccioli et al., 2011]. In comparison, 52 
however, the subglacial upland areas of the WAIS have been little investigated. Two 53 
dominant upland regions, which may be instrumental in the growth and decay of the 54 
ice sheet, exist beneath the WAIS: the Ellsworth Subglacial Highlands (ESH) and the 55 
coastal mountain ranges of Marie Byrd Land, centered around the Executive 56 
Committee Range (Figure 1a). Bentley et al. [1960] hypothesized that these uplands 57 
were the main seeding grounds of WAIS growth, while Bamber et al. [2009] 58 
hypothesized them as pinning points of a retreating ice sheet. Testing these 59 
hypotheses requires evidence of former ice dynamics. Several investigations in East 60 
Antarctica have demonstrated the utility of radio-echo sounding (RES) in mapping 61 
ancient glacial geomorphic features from which ice sheet reconstructions can be 62 
based [Bo et al., 2009; Young et al., 2011]. Here, we present geophysical data on the 63 
morphology of ESH, gained during three seasons of ground-based and airborne RES 64 
measurements around Ellsworth Subglacial Lake (ESL) [Woodward et al., 2010]  and 65 
over the Institute and Möller ice streams (hereafter IIS and MIS; see Figure 1) [Ross 66 
et al., 2012]. These surveys have revealed a deep (>2000 m bsl), broad (up to 25 km 67 
across) and >300 km long subglacial trough, named ‘Ellsworth Trough’ (ET), which 68 
dissects ESH northwest to southeast (Figure 2). Aligned roughly parallel to linear 69 
topographic trends in the Ellsworth Mountains, and bounded on both sides by 70 
rugged mountainous subglacial topography, ET is one of a series of northwest to 71 
southeast trending subglacial valleys extending from the core of ESH into the Bentley 72 
Subglacial Trench (Figure 1), a number of which contain subglacial lakes [Vaughan et 73 
al., 2006, 2007]. ET lies roughly orthogonal to the Amundsen-Weddell ice divide 74 
[Ross et al., 2011], currently contains ESL [Woodward et al., 2010; Siegert et al., 75 
2012] and hosts an enhanced flow tributary of IIS [Joughin et al., 2006; Rignot et al., 76 
2011] which connects to the deep marine basin that underlies the coastal parts of 77 
the IIS and MIS [Ross et al., 2012]. 78 
 79 
In this paper, we first describe and interpret (i) high-resolution ground-based radar 80 
data acquired over the northwestern parts of ET; and (ii) airborne radar data 81 
acquired over the southeastern parts of ET.  We then combine the bed topographic 82 
data with ice-surface remote sensing data to place our interpretation of these data 83 
into the broader context of ESH and West Antarctica. 84 
 85 
2 METHODS 86 
2.1 Radio-echo sounding, northwestern Ellsworth Trough 87 
Ground-based RES data were acquired over and around ET during the 2007/08 and 88 
2008/09 Antarctic field seasons (Figure 1b and Siegert et al., 2012). Data were 89 
acquired with the low frequency (~2 MHz) DELORES (DEep-LOok Radio Echo 90 
Sounder) radar (further details of the system are provided in King [2009]). 91 
Acquisition was undertaken using half-dipole lengths of 40 m with the system towed 92 
behind a snowmobile travelling at ~12 km hr-1. Measurements were stacked 1000 93 
times, giving along-track measurements (traces) every 2-5 m. Roving GPS data, to 94 
locate the xyz positions of individual radar traces, were acquired using a GPS 95 
antenna secured on the radar receiver sledge. Differential GPS processing used daily 96 
precise point positioning (PPP)-processed positions of a GPS receiver, located over 97 
the center of ESL, as the fixed reference station. Roving data were corrected for the 98 
~90 m offset between the GPS receiver and the midpoint between the radar 99 
transmitter and receiver. Radar data processing, undertaken using REFLEXW 100 
processing software, involved: (i) bandpass frequency filtering; (ii) gain correction; 101 
and (iii) migration. The peak of the first ‘bed’ return of each trace was picked and ice 102 
thickness was calculated from the two-way-travel time of the bed pick using a 103 
velocity of 0.168 m ns-1. No firn correction was applied. Ice thickness was subtracted 104 
from the GPS-derived ice surface elevation of each trace to establish bed elevations 105 
relative to the WGS84 ellipsoid. DELORES-derived bed elevations were combined 106 
with contours from a seismic reflection-derived grid of the floor of ESL [Woodward 107 
et al., 2010] and gridded, using the ARCGIS “Topo to Raster” interpolation function, 108 
to produce a combined digital elevation model of the sub-ice/sub-lake topography. 109 
 110 
2.2 Radio-echo sounding, southeastern Ellsworth Trough 111 
25,000 line km of aerogeophysical survey data were acquired over IIS and MIS during 112 
the 2010/11 Antarctic field season (Figure 1b, and Ross et al., 2012). Data were 113 
acquired using the British Antarctic Survey (BAS) airborne radar system installed on a 114 
ski-equipped Twin Otter aircraft. Full details of data acquisition and processing have 115 
been reported previously [e.g. Corr et al., 2007; Ross et al., 2012; Karlsson et al., 116 
2012], but a brief summary is provided here. The ice-sounding radar is a coherent 117 
system with a frequency of 150 MHz. Aircraft position and elevation were obtained 118 
from onboard differential GPS, corrected using GPS base stations from two remote 119 
field camps. The ice sheet surface elevation was established from radar or laser 120 
altimeter terrain-clearance measurements. Processing and the semi-automated 121 
picking of the radar data were undertaken using PROMAX processing software, with 122 
Doppler processing used to migrate radar-scattering hyperbolae in the along-track 123 
direction. Ice thickness, at an along-track interval of ~10 m, was calculated from the 124 
two-way travel-time of the bed pick using a velocity of 0.168 m ns-1 and a firn layer 125 
correction of 10 m. Ice thickness was subtracted from the ice surface elevation of 126 
each trace to establish bed elevations relative to the WGS84 ellipsoid. Bed elevations 127 
were then gridded, using the ArcGIS Natural Neighbor interpolation algorithm, to 128 
produce a digital elevation model of the subglacial topography. 129 
 130 
2.3 Satellite imagery 131 
The Moderate Resolution Imaging Spectroradiometer (MODIS) Mosaic of Antarctica 132 
(MOA) [Scambos et al., 2007] is a digital image mosaic of the surface morphology of 133 
the Antarctic ice sheet, derived from red light and infrared imagery of the Antarctic 134 
Continent. This mosaic has considerable potential for shedding light on ice sheet 135 
flow and sub-ice landforms and structures. We investigated the MODIS MOA 136 
imagery (Figure 2a) to assess its ability to reflect underlying subglacial topography. 137 
Subglacial topography influences ice surface elevation, and hence ice sheet surface 138 
imagery, due to the viscous response of ice as it flows over subglacial relief.  139 
Increasing ice thickness acts to damp the response to subglacial topography, so 140 
regions of thin ice within subglacial highlands are associated with more rugged 141 
surface topography and variable surface imagery than areas of thicker ice. Earlier 142 
studies have demonstrated the effectiveness of applying surface-curvature analysis 143 
to characterize these trends over regions of the ice sheet [Rémy and Minster, 1997; 144 
Le Brocq et al., 2008]. Hence, we assessed the variability of the MODIS imagery to 145 
map ESH by applying the ArcGIS ‘Raster Curvature’ function to the 125 m resolution 146 
MOA surface morphology image map [Haran et al., 2006]. The Raster Curvature 147 
function calculates the second derivative (i.e. the slope of the slope) of a surface (in 148 
this case the MODIS MOA image) on a cell-by-cell basis [Kimerling et al., 2011].  The 149 
first derivative converts regional trends in the image to a simple level offset, whilst 150 
the second derivative converts all level offsets to zero. Areas with the most variable 151 
surface imagery, and likely thin ice, are therefore revealed as regions with high or 152 
low second derivative values (>0.05, or <-0.05). Three outputs are generated by the 153 
‘Raster Curvature’ function: (i) profile curvature - the curvature of the surface 154 
parallel to the direction of the maximum slope; (ii) plan curvature - the curvature of 155 
the surface perpendicular to the direction of the maximum slope; and (iii) curvature - 156 
the overall curvature of a surface, i.e. the combination of the profile and plan 157 
curvature. For our data, the profile curvature proved to be the most useful for 158 
investigating our area of interest (i.e ESH). For profile curvature, at any given cell 159 
location, a negative value indicates that the surface is upwardly convex at that point, 160 
a positive value indicates the surface to be upwardly concave, whilst a value of zero 161 
indicates a linear surface. 162 
 163 
3 RESULTS  164 
3.1 RADIO-ECHO SOUNDING OF THE ELLSWORTH TROUGH 165 
The geomorphology of ET and its surrounding area is diagnostic of a well-developed 166 
glaciated valley network. This section describes the geomorphology of the ET from 167 
RES data acquired over the northwestern (high-resolution ground-based data) and 168 
southeastern (airborne data) ends of the trough (Figures 2 and 3). 169 
 170 
In the northwestern parts of the trough (Figures 1 and 2), ET has a relief exceeding 171 
2500 m, contains ice in excess of 3200 m thick, is up to 7 km wide and is classically U-172 
shaped (Figure 3a). Towards the present-day Amundsen-Weddell ice divide, in the 173 
south-eastern parts of the ground-based survey, the base of ET is characterized by 174 
subdued relief (800-1000 m bsl) and valley-floor morphology for nearly 30 km (Figure 175 
3b).  176 
 177 
Approximately 6 km up-ice of ESL the trough floor begins to deepen, with a steep 178 
slope down to the lake margin at ~1200 m bsl. ESL lies within the ET in a ~15-20 km-179 
long overdeepened basin. Seismic reflection data [Woodward et al., 2010] show the 180 
lake floor reaches a minimum elevation of 1393 ± 10 m bsl, ~400 m below the 181 
average elevation of the upper trough (Figures 3a and 3b). The rock-sediment 182 
interface of the over-deepening must lie below the minimum elevation of the lake 183 
bed observed in the seismic data, however, because acoustic impedance analysis 184 
suggests that the lake bed is a water/sediment boundary [Woodward et al., 2010; 185 
Siegert et al., 2012]. Down-ice, towards the northwest, the trough bed (i.e. the base 186 
of the lake) rises sharply to a prominent ridge, which currently impounds ESL. 187 
Roughly orthogonal to present-day ice flow, the ridge (ESLR), ~1.5 km wide, lies at an 188 
oblique angle across the entire width (~7 km) of the valley. At an elevation of ~835 m 189 
bsl, the ridge crest is ~200 m above the elevation of the down-ice lake margin and at 190 
least 550 m above the base of the overdeepening (Figure 3b). Immediately down-ice 191 
of the ridge is a narrow linear depression (5 km x 0.75 km) (Figure 3a and 3b), 192 
oriented parallel to the ridge, beyond which the bed elevation rises (Figure 3b). ET 193 
broadens down-ice of the lake and the impounding ridge (Figure 3a).  194 
 195 
Prominent steep-sided bedrock walls confine both sides of the northwestern parts of 196 
ET along the majority of its length (Figure 3a). These valley sidewalls contain a 197 
number of deep tributary ‘hanging’ valleys, oriented roughly orthogonal to the main 198 
trough axis and present-day ice flow. The hanging valleys have a smooth concave, U-199 
shaped cross-profile (Figure 4). They are significant features; the largest is ~3 km 200 
across (ridge-crest-to-ridge-crest) and ~1 km deep, with a valley floor perched >1 km 201 
above the floor of ET, at an elevation of -100 to 0 m bsl. The 3D form of these 202 
features, suggested by the gridded bed (Figure 3a), is not an artifact of the 203 
interpolation procedure; in many cases individual hanging valleys are either 204 
observed in more than one parallel survey line, or orthogonal survey lines intersect 205 
above the valley axis. Most of the hanging valleys aligning ET are confluent with, or 206 
just up-valley of, the main trough overdeepening which contains Lake Ellsworth 207 
(Figure 3a), consistent with glaciological theory and observations [Linton, 1963; 208 
Crabtree, 1981]. 209 
 210 
Aerogeophysical data acquired over the upper catchments of IIS and MIS have also 211 
allowed us to characterize the subglacial topography of the southeastern end of the 212 
Ellsworth Trough (Figures 1 and 2). ET is one of three major valleys, ET, T1 and T2 (T2 213 
= Horseshoe Valley), (Figure 3c) which enter the deep subglacial basin beneath IIS 214 
[Ross et al., 2012]. ET is the widest and deepest of these valleys, however, at >30 km 215 
across, and, at the deepest point that we were able to measure, >2 km deep. Ice 216 
thickness over some parts of the southeastern ET exceeds 3000 m. Like the 217 
northwestern end of the trough, mountainous topography lines both sides of the 218 
southeastern ET.  Such topography is most prominent to the northeast of the trough 219 
(between ET and T1) where an elongated ridge, 0-500 m above sea level, and 220 
characterized by numerous hanging valleys, mountain peaks and ridges is found (see 221 
section 3.2 and Figure 9). In some of the deepest parts of the trough (e.g. Figure 9b), 222 
the higher-frequency airborne radar was unable to image the trough floor, although 223 
the overall form of the southeastern ET is generally well characterized. Our data 224 
suggest that the valley floor of the southeastern ET comprises a series of basins, 225 
separated by rock bars (Figure 3c). An upper basin (UB) (60 km long and 1500-1700 226 
m below sea level) is separated from a lower basin (LB) (30 km long and 1500-2100 227 
m below sea level) by a prominent, but dissected, ridge (R1) 1200-1500 m below sea 228 
level. The lower basin terminates at a broad (25 km) area of higher relief (R2) (1000-229 
1500 below sea level) which lies across the entire width (~35 km) of the valley 230 
(Figures 3c and 3d). Like the ridge that terminates the overdeepening associated 231 
with ESL in the northwestern ET (ESLR), R2 is located where the trough broadens 232 
down-ice as it enters a deep subglacial basin. The southeastern sector of the ET is an 233 
enhanced flow tributary of IIS. Present-day ice flow through the southeastern parts 234 
of ET, over UB, R1, LB and R2, ranges between 50-75 m a-1 [Rignot et al., 2011] 235 
(Figure 2c). Down-ice of R2 the basal topography falls away again (>2000 m below 236 
sea level) (Figures 3c and 3d) and ice velocity increases markedly, exceeding 125 m a-237 
1 25 km down-ice of the ridge [Rignot et al., 2011]. 238 
 239 
3.2 MAPPING THE ELLSWORTH SUBGLACIAL HIGHLANDS WITH SATELLITE 240 
IMAGERY 241 
In this section, we use MODIS MOA ice surface imagery to demonstrate that the 242 
northwestern and southeastern ends of the ET, as described above, are directly 243 
connected as a deep subglacial valley across the entirety of the ESH mountain range. 244 
We also demonstrate that the ET may only be one of several similar troughs within 245 
the ESH. 246 
 247 
Comparing subglacial geomorphology with MODIS MOA surface imagery (as outlined 248 
in Section 2), a striking correlation between the basal topography and the relative 249 
texture of the ice surface is apparent (Figure 5). The deep ET, as mapped by RES 250 
surveys, corresponds with a distinct ‘smooth’ ice surface (i.e. there is little localized 251 
spatial variability in MODIS MOA ice surface imagery) (Figures 5a and 5b), whilst the 252 
surrounding subglacial mountains are associated with a discrete ‘rough’ ice surface 253 
(i.e. there is significant and high-amplitude localized spatial variability in MODIS ice 254 
surface imagery). We are not the first to suggest a relationship between satellite 255 
imagery of the ice sheet surface and the form of the subglacial bed [see Crabtree, 256 
1981; Denton et al., 1992; Jezek, 1999] but our high-resolution mapping of the 257 
northwestern end of ET enables us to confirm the close relationship between the 258 
two. The contrast in texture is believed to be caused by a combination of ice flow 259 
over bedrock bumps [Gudmundsson 2003; Smith et al., 2006] and differential surface 260 
accumulation [Welch and Jacobel, 2005] associated with marked and abrupt 261 
variations in the relief of basal topography (i.e. between deep valleys and rugged 262 
high-relief uplands). Profile curvature analysis of the MODIS MOA imagery over and 263 
around ET clearly emphasizes the major subglacial geomorphic features of interest 264 
(Figure 5c). 265 
 266 
The profile curvature analysis of the MODIS ice surface imagery clearly shows that 267 
the northwestern and southeastern parts of ET are directly connected (Figure 2), 268 
marking out ET as a glacial breach which cuts through the entire ESH. This suggestion 269 
is supported by along-track bed elevation measurements acquired by other surveys 270 
beyond those parts of the trough that we surveyed [Vaughan et al., 2006; A. Rivera 271 
unpublished data]; all existing evidence is consistent with a long, deep subglacial 272 
trough which breaches the mountain range.  273 
 274 
The relationship between the high-resolution basal topography of ET and the MODIS 275 
MOA ice surface imagery can be extrapolated to allow the geomorphology of large 276 
parts of ESH to be inferred (Figure 6a-c). The correlation between the profile 277 
curvature map derived from the MODIS imagery and the bed topography is also 278 
strong in other subglacial highland areas of West Antarctica where good bed 279 
topography data exist (e.g. in parts of Marie Byrd Land) [Blankenship et al., 2001]), 280 
providing confidence in the use of the MODIS MOA profile curvature map as a proxy 281 
for inferring the planform of the bed topography across the entire ESH in regions 282 
where RES data are uncommon (Figure 6c). Because the broader topography of ESH 283 
is not known in detail, ET is currently the only subglacial valley that can be 284 
confidently proposed as a deep glacial breach through the entire range. Based on the 285 
profile curvature analysis of the MODIS MOA imagery, however, we hypothesize that 286 
a number of deep broad glacial troughs, many previously unmapped, and lined by 287 
numerous orthogonally-oriented hanging tributary valleys, are present throughout 288 
the entire ESH (Figure 6c). A series of major troughs lie between the western flank of 289 
the Sentinel Range and ET. Some of these troughs, highlighted previously by King 290 
[2009], drain Ellsworth Mountains ice northward into the Rutford Ice Stream and 291 
have clear trough heads [Linton, 1963]. From the MODIS imagery we recognise a 292 
series of other, previously unreported or little documented troughs within ESH 293 
(Figure 6c). Our analysis suggests that at least three further troughs (T1, T3, T4 and 294 
possibly T5) may breach the entire ESH massif in a manner similar to ET (Figure 6c). A 295 
very narrow trough, which reaches a depth of 1295 m bsl [see seismic station 630 of 296 
the Sentinel Mountains Traverse of Bentley and Ostenso, 1961], is located between 297 
ET and the Heritage Range of the Ellsworth Mountains (Figures 2 and 6c), and 298 
truncates the cirque-headed valleys which adorn the western flanks of these 299 
mountains. The MODIS MOA data suggests that this narrow trough likely connects 300 
directly with ‘T1’ in Figure 3c. Two further troughs (T3 and T4) are located further 301 
west than the ET, on either side of the Martin-Nash Hills subglacial massif [Drewry 302 
and Jordan, 1983; Garrett et al., 1988; Ross et al., 2012; Jordan et al., 2013] (Figure 303 
7). T3 is a major trough incised deeply between the Whitmore Mountains and 304 
Mounts Woollard/Moore [Drewry and Jordan, 1983; Garrett et al., 1988]. T3, T4, ET 305 
and a sixth large trough (T5) are associated with zones of ice surface ‘drawdown’, 306 
manifested as a series of ice-surface ‘saddles’ along the axis of the Amundsen-307 
Weddell and Weddell-Ross sections of the primary WAIS divide (Figure 7a). MODIS 308 
MOA imagery reveals significant geomorphic detail, not apparent from along-track 309 
RES data, demonstrating that these major troughs are associated with a complex of 310 
dendritic, transection tributary valleys, particularly to the south of the nunataks of 311 
Mount Woollard and Mount Moore (Figure 7b). 312 
 313 
Careful examination of MODIS MOA imagery elsewhere across the ESH reveals 314 
similarly detailed glacial geomorphic information additional to that revealed by RES 315 
data. The Pirrit Hills are the subaerial representation of a large subglacial massif 316 
which lies to the west of ET beneath IIS catchment (Figure 8). Radar data show that 317 
the Pirrit Hills massif, which is predominantly composed of Jurassic granite [Storey et 318 
al., 1988; Jordan et al., 2013], has been highly dissected by glacial erosion (Figure 319 
8b). To the north of the subglacial massif, beyond the high-resolution, gridded part 320 
of our aerogeophysical survey (Figures 1 and 3), the MODIS imagery reveals a 321 
subglacial valley complex, comprising a deep central basin and a series of radial 322 
tributary valleys (Figure 8a). The central basin hosts a limb of the present-day ET 323 
enhanced flow tributary of the IIS (Figure 8a). The planform of the valley complex is 324 
dendritic, reflecting a pre-glacial period of fluvially-dominated landscape evolution. 325 
During later periods of restricted glaciation, however, (i.e. when ESH supported an 326 
ice cap or ice field) these valleys would play an important role in controlling the 327 
direction of ice flow, draining ice into the southeastern part of ET. 328 
 329 
Across the ET from the Pirrit Hills, to the northeast of the ET and the enhanced flow 330 
tributary of the IIS (Figure 2c), we identify a series of ice surface features, orthogonal 331 
to present-day ice flow, on the northeastern flanks of the ET (Figure 9a). The MODIS 332 
MOA imagery reveals these features to be a complex of near-ice-surface subglacial 333 
hanging valleys, separated by prominent spurs and arêtes, adorning a 100 km-long, 334 
linear subglacial mountain ridge composed of a mixture of Cambrian-Permian meta-335 
sediments and Cambrian volcanics [Jordan et al., 2013] (Figure 9).  The form and 336 
spacing of these landforms is directly comparable to subaerial hanging valleys and 337 
spurs observed on the western flanks of the Sentinel Range, reinforcing our 338 
interpretation that the ice surface features we observe and identify from the MODIS 339 
MOA, and from the profile curvature analysis of the MOSAIC, are representative of 340 
the subglacial geomorphology beneath. 341 
 342 
4 THE ELLSWORTH SUBGLACIAL HIGHLAND ICE FIELD 343 
At its maximum ET is ~325 km long and more than 25 km wide (Figure 2); 344 
comparable in scale and dimensions to the troughs beneath Byrd Glacier and 345 
Beardmore Glacier in East Antarctica [Stearns et al., 2008; Denton et al., 1989], and 346 
Jakobshavn Isbrae in western Greenland [Peters, et al., 2012]. Understanding the 347 
geomorphology of ET is key to reconstructing the configuration of the paleo- ice 348 
mass(es) responsible for its formation.  349 
 350 
The subglacial landforms associated with ET (hanging tributary valleys, valley steps, 351 
valley overdeepenings rising to prominent ridges, and down-ice-flow valley 352 
widening) are consistent with the geomorphology of a glacially-carved fjord [e.g. 353 
Holtedahl, 1967]. The ridges are particularly indicative; bedrock ridges often form in 354 
fjord-mouths because of a sudden decrease in the erosive capacity. This decrease is 355 
due to: (i) a shift to a divergent ice flow regime, caused by the sudden lack of lateral 356 
constraint from valley sidewalls at the valley mouth [Holtedahl, 1967; Shoemaker 357 
1986]; and (ii) the glacier approaching floatation near its tidewater-terminating 358 
margin [Crary, 1966]. The reduction in basal erosion rates leads to an abrupt 359 
termination to the valley overdeepening and the formation of the threshold. The 360 
ridges identified at both the northwestern and southeastern ends of ET (ESLR and 361 
R2) are located across the entire width of the valley at the down-ice end of 362 
significant overdeepenings at points where the valley widens down-ice and are 363 
therefore interpreted as fjord-mouth threshold bars (Figure 3). The location of 364 
overdeepenings immediately down-ice of tributary valley confluences (e.g. in the 365 
northwestern part of ET) is consistent with normal fjord geometry and a convergent 366 
ice flow regime [Crabtree, 1981], whilst subglacial erosion by meltwater, such as 367 
might be represented by a possible channel incised into the northwestern  threshold 368 
bar (ESLR), is also well documented within fjords [Holtedahl, 1967]. Hence, ET 369 
represents evidence of former highly-erosive dynamic glaciers, terminating into 370 
water at valley mouths. 371 
 372 
The overdeepenings (at least one of which is asymmetric in profile) with threshold 373 
bars at both ends of ET suggests that the trough was cut by an ice mass centered 374 
over ESH, rather than by the advancing margin of an ice sheet impeded by the rock 375 
barrier of ESH. As such, the broad-scale mechanism for the formation of ET is 376 
different from that proposed for large troughs in East Antarctica [Young et al., 2011] 377 
and the Transantarctic Mountains [Sugden and Denton, 2004], although the primary 378 
process (glacial erosion) is the same.  Instead, trough incision took place when 379 
restricted ice masses occupied ESH. We reject the idea that the overdeepenings and 380 
threshold bars were formed beneath present-day ice-sheet conditions; the rate of 381 
ice flow over the vast majority of ESH, in the interior of the ice sheet, is slow (<25 382 
ma-1) [Ross et al., 2011; Rignot et al., 2011], prohibiting significant recent basal 383 
erosion. Furthermore, the formation of the landform assemblage surrounding the 384 
trough (i.e. rugged mountainous topography with hanging tributary valleys) is 385 
entirely incompatible with the present-day cold-based regime of the thinner parts of 386 
the ice sheet; deep, U-shaped hanging tributary valleys incised to elevations around 387 
present-day sea level (e.g. Figure 4) require warm-based conditions for their 388 
formation. 389 
 390 
Glacial troughs and fjords breaching massifs along structural weaknesses and 391 
sometimes across pre-existing fluvial valleys have long been recognized as diagnostic 392 
features of glacial erosion by ice sheets (e.g. in Scotland, North America, Norway, 393 
Greenland and Chile) [Holtedahl, 1967; Sugden 1968, 1974, 1978; Nesje and 394 
Whillans, 1994; Glasser and Ghiglione, 2009]. The northwest to southeast 395 
orientation of the ET, and other immediately-adjacent subglacial troughs, parallels 396 
the dominant structural grain of the Ellsworth Mountains, where fold axial planes in 397 
Cambrian-Permian meta-sediments are aligned northwest to southeast  [Craddock et 398 
al., 1992; Spörli et al., 1992; Curtis, 2001]. Prominent magnetic lineaments over the 399 
Ellsworth Mountains have also recently been interpreted as revealing northwest to 400 
southeast oriented basement faults [Jordan et al., 2013]. ET and the other ESH 401 
troughs are therefore likely to have been formed by an ice mass exploiting and 402 
eroding these pre-existing structural weaknesses (i.e. through ‘selective linear 403 
erosion’) [c.f. Bingham et al., 2012]. 404 
 405 
The form of ET, the prominent overdeepenings and the hanging valleys are all 406 
diagnostic of a dynamic alpine glaciated valley environment associated with a 407 
predominantly maritime climate. The troughs must have formed when the marine 408 
sections of the WAIS were largely absent (either prior to WAIS development or 409 
during a ‘collapse’ event), when small ice fields occupied the topographic highlands 410 
of the region, confirming previous hypotheses about WAIS initiation and decay 411 
[Bentley et al., 1960; Bamber et al. 2009; DeConto and Pollard, 2003]. On such 412 
occasions, with global ice volumes below present-day levels and without West 413 
Antarctic isostatic depression, the present-day Bentley Subglacial Trench would have 414 
been a deep marine basin, with a coastline along the edge of the present-day ESH. 415 
To the southeast, the deep marine basins underlying IIS and MIS [Janowski and 416 
Drewry 1981; Ross et al., 2012] would also have been inundated. The former glacier 417 
within ET is therefore likely to have terminated as a tidewater glacier, consistent 418 
with our interpretation of the bedrock ridges identified in RES data as fjord-mouth 419 
threshold bars, and the margin of the associated grounded ice field well-defined at 420 
the flanks of ESH. The asymmetry of the overdeepenings (Figure 3) and the planform 421 
of the tributary complex northwest of the Pirrit Hills (Figure 8a) suggest that the flow 422 
of this ice field was separated by a primary divide located over the axis of ESH, near 423 
to, and with a similar orientation to, the present-day Amundsen-Weddell divide 424 
(Figure 7) [Ross et al., 2011]. 425 
 426 
We have no direct dates on the landforms of ESH so we cannot determine a robust 427 
age for trough formation and the dissection of ESH. The landscape is clearly a 428 
composite one, however, having formed during a series of alpine glaciations over the 429 
last 34 Ma through a combination of glacial and sub-aerial (erosion) processes when 430 
the marine ice sheet was absent. Subglacial evidence [Scherer et al., 1998] and far-431 
field sea level data [e.g. Raymo and Mitrovica, 2012], support a restricted WAIS 432 
during MIS11 (420-360 ka), but the duration of this interglacial (<60 ka) was too 433 
short to allow the incision of >1 km deep troughs into the predominantly 434 
metasedimentary bedrock of ESH at that time [Kessler et al., 2008]. Instead, it is 435 
likely that the most recent significant erosion of ESH occurred during the Early 436 
Pliocene [4.6-3.3 Ma], when the marine sections of the WAIS were significantly 437 
diminished [McKay et al., 2012].  438 
 439 
Unlike major former ice sheet changes in East Antarctica, that would require 440 
substantial alteration to climate and ocean conditions to occur [e.g. Bo et al., 2009], 441 
restricted ice caps in West Antarctica may well be consistent with the present 442 
climate if the current ice mass were to decay. For example, the Antarctic Peninsula, 443 
to the immediate north of ESH, currently contains several modest-sized ice caps (e.g. 444 
Dyer Plateau, Avery Plateau) that cover subglacial highlands and terminate in water. 445 
Deep fjord structures, with overdeepened basins and steps, and which follow 446 
geological structure, underlie, or have underlain, the outlet glaciers of these ice caps 447 
[Crabtree 1981; Scambos et al., 2011]. 448 
 449 
CONCLUSIONS 450 
We have: (i) characterized the detailed subglacial morphology (u-shaped troughs, 451 
hanging tributary valleys, valley overdeepenings, and threshold sills) of the Ellsworth 452 
Subglacial Highlands (ESH), West Antarctica; (ii) identified and mapped a series of 453 
deep subglacial troughs, one of which, the Ellsworth Trough, is >25 km across >300 454 
km long, and is incised into, and breaches, the ESH; (iii) reconstructed the glaciology 455 
and flow regime of the ice mass responsible for the form of the ESH, to show that 456 
the subglacial landscape was cut by a small, dynamic, highly-erosive, warm-based, 457 
marine-proximal icefield, characterized by tidewater (fjord-mouth) margins; (iv) 458 
demonstrated the considerable potential provided by the application and analysis of 459 
satellite remote sensing imagery of the ice sheet surface for the mapping of 460 
subglacial topography.  461 
 462 
Our findings support the proposition that, in the absence of a large-scale marine ice-463 
sheet, small dynamic ice caps or ice fields characterized, at least in part, by tidewater 464 
margins, are likely to be centred on the prominent highlands in West Antarctica 465 
[Bentley et al., 1960; DeConto and Pollard 2003; Pollard and DeConto 2009]. These 466 
ice masses, similar in character and dynamics to those of the present-day Antarctic 467 
Peninsula, play a key role in the seeding and early growth of the marine based 468 
sectors of the WAIS and in the stabilisation of retreating marine-based West 469 
Antarctic Ice Sheets [Bentley et al., 1960; Weertman et al., 1974; Bamber et al., 470 
2009]. 471 
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  689 
FIGURE CAPTIONS 690 
 691 
Figure 1: (A) Subglacial topography of West Antarctica (BEDMAP2) (m wgs84) 692 
[Fretwell etal., 2013]. Area of Figures 1b, 6a-c, 7a (large white box) and 3c (small 693 
white box) shown. Inset shows location of study area. Thin black lines are bed 694 
topography contours at 1000 m intervals; (B) Subglacial topography of the Ellsworth 695 
Subglacial Highlands (BEDMAP2) (m wgs84) [Fretwell et al., 2013]. Filled white 696 
polygons represent areas of exposed bedrock of the Sentinel and Heritage Ranges 697 
(from Antarctic Digital Database (ADD)). The white infilled box delimits the area of 698 
the 2007-09 ground-based RES survey of Ellsworth Subglacial Lake (figure 3a). Thick 699 
white lines show bed elevation measurements made during the 2010-11 700 
aerogeophysical survey of the Institute and Möller Ice Streams.  Location of Figure 2 701 
(large black rectangle) shown. Thin black lines are bed topography contours at 250 m 702 
intervals. 703 
 704 
  705 
 706 
Figure 2: (A) Moderate Resolution Imaging Spectroradiometer (MODIS) Mosaic of 707 
Antarctica (MOA) digital image mosaic of the surface morphology of the Antarctic ice 708 
sheet [Haran et al., 2006; Scambos et al., 2007] over and around the Ellsworth 709 
Trough (ET) (see Figure 1b for location). Small white box (in 2a 2b and 2c) delimits 710 
area of ground-based survey around Ellsworth Subglacial Lake. Filled white polygons 711 
(in 2a, 2b, 2c and 2d) represent sub-aerially exposed bedrock (from Antarctic Digital 712 
Database (ADD)); (B) Profile curvature analysis of MODIS MOA data around the 713 
Ellsworth Trough. Cells with curvature <-0.05 and >0.05 are colored black, cells with 714 
curvature between -0.05 and 0.05 are colored light grey; (C) Ice sheet surface 715 
velocity [Rignot et al., 2011] superimposed on profile curvature map. Color-scale of 716 
velocity data is on a log scale and is saturated at 130 m a-1. Black contours are in 25 717 
m a-1 intervals; (D) Bedrock elevation (m wgs 84) from surveys of Ellsworth Subglacial 718 
Lake and Institute and Möller ice streams superimposed on map of profile curvature.  719 
 720 
  721 
 722 
Figure 3: (A) Subglacial topography of the northwestern parts of the Ellsworth 723 
Trough from DELORES ground-based radio-echo sounding and seismic reflection 724 
data. Contours in 250 m intervals. White dashed line shows location of profile in 3b. 725 
Black line is location of Figure 4; (B) Long-axis profile of the subglacial topography of 726 
the northwestern parts of the Ellsworth Trough, in the vicinity of Ellsworth Subglacial 727 
Lake; (C) Subglacial topography of the southeastern end of the Ellsworth Trough 728 
from airborne radio-echo sounding. Contours in 250 m intervals. The three major 729 
valleys extending from the Ellsworth Subglacial Highlands are labelled ET, T1 and T2, 730 
the two sub-basins of the Ellsworth Trough are labeled UB (upper basin) and LB 731 
(lower basin). White dashed line shows location of profile in 3d; (D) Long-axis profile 732 
of the subglacial topography of the southeastern parts of the Ellsworth Trough. 733 
 734 
  735 
 736 
Figure 4: U-shaped hanging tributary valleys of the Ellsworth Trough. The radar 737 
survey line is located northeast of the lower parts of the Ellsworth Trough (see 738 
Figures 3a and 5a) and runs approximately parallel to the trough and present-day ice 739 
flow (which is roughly right to left across radargram). The radargram depicts two 740 
obvious tributary valleys, the largest of which is 1 km deep, by 3 km wide. The ice 741 
flow responsible for the formation of these features flowed out of the page, i.e. 742 
perpendicular to present-day ice flow.  743 
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 746 
Figure 5 (A) MODIS MOA ice surface imagery of the northwestern parts of Ellsworth 747 
Trough (Ellsworth Subglacial Lake and its locale) draped over a hillshade image of the 748 
same data. Black arrows indicate the positions of hanging tributary valleys identified 749 
in bed topography data. Thin black outline (reproduced as white outlines in panels b 750 
and c) is area of Ellsworth Subglacial Lake; thick black line (also shown in panel b) is 751 
location of RES survey line C9 (see Figure 4). Ice surface contours (thin black lines), at 752 
10 m intervals are derived from the 1 km ice surface DEM of Bamber et al., [2009]. 753 
Black box is area of bed topography data in figure 5b; (B) Subglacial bed topography 754 
around Ellsworth Subglacial Lake derived from ground-based radio-echo sounding 755 
data. Contours are in 200 m intervals; (C) Profile curvature of the MODIS MOA 756 
imagery; (D) Ice surface elevation of survey line C9; (E) Ice thickness of survey line 757 
C9; (F) Bed elevation of survey line C9; (G) values of MODIS ice surface imagery 758 
extracted along survey line C9. 759 
 760 
Figure 6: (A) Subglacial topography of the Ellsworth Subglacial Highlands (BEDMAP2) 761 
[Fretwell et al., 2013]. White arrows show the broad paleo-ice-field ice-flow regime 762 
inferred from the ice surface imagery and the subglacial topography data. Dashed 763 
white lines show the inferred ice field limit; (B) MODIS MOA ice surface imagery 764 
[Haran et al., 2006]. White dashed line shows approximate position of present-day 765 
ice divide. Small white box shows the extent of the RES survey around Ellsworth 766 
Subglacial Lake. Large white box is the area of Figure 3c; (C) Profile curvature analysis 767 
map of MODIS MOA ice surface data. Black arrows show the broad ice-field ice flow 768 
regime inferred from the ice surface imagery and the subglacial topography data. 769 
Dashed black lines show the inferred ice field limit. White boxes show extent of 770 
Figures 8a and 9a; Figures 6a, 6b and 6c have the same extent as Figures 1b and 7a. 771 
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 774 
Figure 7: (A) Ice sheet surface elevation over the Ellsworth Subglacial Highlands 775 
derived from GLAS/ICESat 500 m Laser Altimetry Digital Elevation Model of 776 
Antarctica [DiMarzo et al., 2007] (extent of Figure 7a is the same as Figures 6a-c and 777 
1b). Contours are in 20 m intervals. Large white box shows extent of 7b, small white 778 
box shows extent of ground-based RES around Ellsworth Subglacial Lake; (B) MODIS 779 
MOA surface morphology imagery [Haran et al., 2006] of the area to the south of 780 
Mount Moore (1) and Mount Woollard (2) showing dendritic network of transection 781 
valleys. Note correspondence between drawn-down parts of the ice divide in 7a and 782 
the smooth areas of the optical imagery, believed to represent deep subglacial 783 
troughs, in 7b. 784 
 785 
786 
Figure 8 (A) Profile curvature analysis map of MODIS MOA ice surface data with ice 787 
sheet surface velocity map [Rignot et al., 2011] superimposed. Cells with curvature 788 
<-0.05 and >0.05 are colored black, cells with curvature between -0.05 and 0.05 are 789 
colored light grey. Line A-A' shows survey line of radargram in 8b. Black sections of 790 
line show topography <250 m asl (i.e. deep valleys), white sections topography >250 791 
m asl (i.e. subglacial highlands). The profile curvature map clearly reflects the 792 
subglacial topography beneath; (B) Radargram (A-A’) showing subglacial topography 793 
of the northern side of the Pirrit Hills. The ice flow that cut these U-shaped valleys is 794 
inferred to have been into the radargram, from the Pirrit Hills towards the broad 795 
basin that feeds the Ellsworth Trough (ET).  796 
 797 
Figure 9: (A) MODIS MOA ice surface imagery of a ~100 km long subglacial mountain 798 
ridge which separates the Ellsworth Trough (ET) from the adjacent valley T1 799 
(‘Narrow’ trough). The mountain ridge is adorned with a series of subglacial hanging 800 
valleys, separated by arêtes, which are tributaries of these troughs. The Ellsworth 801 
Trough (ET) hosts an enhanced flow tributary of the Institute Ice Stream. Contours 802 
(at 25 m intervals) of present-day ice surface velocities (Rignot et al., 2011), are 803 
superimposed to demonstrate the importance of these geomorphic features in 804 
controlling present-day ice flow. Grey filled polygons represent areas of exposed 805 
bedrock (from Antarctic Digital Database (ADD)). Broad white line (A-A') across 806 
trough and adjacent ridges marks the location of radargram in 9b. Present-day ice 807 
flow along the troughs (ET, T1 and T2) is approximately left to right; (B) Radargram 808 
showing the deep Ellsworth Trough (ET) bounded by mountainous subglacial 809 
topography with hanging valleys, arêtes and mountain spurs. Present-day ice flow is 810 
approximately out of page. Note that the bed is not sounded in the deepest parts of 811 
the trough, which in this radargram represents bed below ~1600 m below sea level 812 
(section without data is represented by the break in line A-A’ in 9a). 813 
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